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The development of intrinsic ganglia, comprised of neurons and glia cells that innervate airway smooth muscle, is a recognized component
of the growing lung. However, the embryological origin of these neurons and glia is unclear. The lung buds develop as an outgrowth of the
foregut, which contains migrating neural crest cells (NCC) that ultimately give rise to the enteric nervous system (ENS) along the entire length
of the gut. It has therefore been proposed that the intrinsic ganglia of the lung arise from a subset of NCC that leave the gut and migrate into the
lung buds during early development. We have tested this hypothesis using quail-chick interspecies grafting to selectively label the hindbrain-
derived neural crest cell population that colonizes the gut. In conjunction with antibody labeling and in situ hybridization, we demonstrate that:
(i) lung ganglia arise from vagal NCC that migrate from the foregut into the lung buds; (ii) like ENS precursors, these NCC express the
transcription factor Sox10, and the receptors EDNRB and RET; (iii) the co-receptor for RET, GFRa1, is expressed in the lung mesenchyme
and in ganglia; (iv) ganglia persist within the lung throughout development and contain cells immunopositive for the pan-neuronal markers
ANNA-1 and PGP9.5, the inhibitory neurotransmitter NO, as shown by NADPH-diaphorase staining, and the glial marker GFAP.
D 2004 Elsevier Inc. All rights reserved.
Keywords: Lung; Development; Innervation; Neurons; Glia; Ganglia; Neural crest cellsIntroduction
The respiratory tract, which develops from the foregut
by a process of evagination, consists of the trachea and
lungs. During embryogenesis, the lung buds originate from
a presumptive respiratory field in the ventral wall of the
primitive gut tube, in the esophageal region situated
between the pharynx and the stomach. The respiratory
territory can be defined by the expression of various genes
encoding transcription factors that play roles in regional
morphogenesis and tissue-specific differentiation by regu-
lating transcription of their target genes (Grapin-Botton
and Melton, 2000). For example, the homeobox gene
Nkx2.1 (TTF-1) is specifically expressed in the presump-
tive respiratory epithelium, and loss of function mutations
in this gene lead to tracheo-esophageal malformations and0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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Minoo et al., 1999). Members of the Gli family of
transcription factors are expressed in the lung mesen-
chyme, and Gli2/Gli3 double knockout mice have defects
in trachea and lung development (Motoyama et al., 1998).
A further transcription factor gene expressed in the
respiratory territory is the T-box transcription factor
Tbx4, which is specifically expressed in the visceral
mesoderm of the lung primordia (Sakiyama et al., 2003).
Ectopic expression studies using in ovo electroporation of
Tbx4 have implicated this gene in multiple processes
during respiratory tract development, such as the initial
endodermal bud formation (through activating expression
of Fgf10), respiratory endoderm formation, and separation
of the respiratory tract and the esophagus (Sakiyama et al.,
2003).
Once the lung bud territory has been defined in the
foregut, in order to separate the future respiratory and
digestive tracts, an initial evagination, the laryngotracheal
groove, extends ventrally from the floor of the pharynx,
then progresses anteriorly to divide the foregut dorsally277 (2005) 63–79
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caudal end of the laryngotracheal groove then bifurcates to
give rise to a pair of primary lung buds, which elongate
and develop primary bronchi that branch extensively to
form the entire bronchial tree (Chinoy, 2003; Spooner and
Wessells, 1970; Ten Have-Opbroek, 1991; Warburton et
al., 2000).
Shortly after separating from the foregut, the lung buds
develop airway smooth muscle (ASM), which differentiates
from the mesenchyme and expresses smooth muscle-
specific proteins such as calponin, smooth muscle heavy
chain myosin and a-smooth muscle actin (Sparrow et al.,
1995, 1999; Tollet et al., 2001; Weichselbaum et al., 1996)
reviewed in (Sparrow and Lamb, 2003). The ASM rapidly
becomes functionally active, and soon after its formation the
muscle is characterized by rhythmic contractions (Schittny
et al., 2000) which persists throughout the prenatal period.
This phasic activity plays a role in the maturation of the lung
by moving lung fluid within the tubules and forcing the
tubule walls to expand, thus further stimulating myogenesis
and lung growth.
Neural tissue is closely associated with ASM from the
early stages of lung development. At embryonic day (E)11
in the mouse embryo, when ASM begins to appear, the
vagus nerves are prominent on either side of the foregut,
and extend branches to the developing trachea and lung
buds (Tollet et al., 2001). The presence of the neuro-
transmitter, nitric oxide, has been demonstrated in a small
population of neurons within the developing lungs of mice
aged E13-15 onwards (Guembe and Villaro, 1999). In the
pig lung, functional nerves have been demonstrated in the
first trimester of development by blocking electrically
induced contractions and relaxations with atropine and
tetrodotoxin, (Sparrow et al., 1995), while in humans, by
the end of the embryonic period, at day 53 of gestation, an
extensive plexus of nerve trunks has been shown to
ensheath the ASM (Sparrow et al., 1999).
Although it is well established that neural tissue within
the lung becomes organized into extensive ganglia,
expresses a range of neurotransmitters, and innervates
the ASM from early stages of development, the embryo-
logical origin of the lung innervation remains unclear.
Concomitant with the outgrowth of lung bud primordia
from the foregut, neural crest cells (NCC), derived from
the rhombencephalic (vagal) region of the neural tube, are
in the process of migrating in a rostro-caudal direction
within the developing foregut. These NCC ultimately give
rise to the majority of neurons and glial cells that
comprise the enteric nervous system (ENS), the intrinsic
innervation of the gastrointestinal tract (Burns and Le
Douarin, 2001; Le Douarin and Teillet, 1973; Yntema and
Hammond, 1954). The presence of NCC within the
foregut at the initiation of lung bud development raises
the possibility that the neural tissue of the developing lung
shares the same embryological origin as the neurons and
glia cells of the ENS (Dey and Hung, 1997), since theneural crest-derived ENS precursor cells are migrating
through the foregut mesenchyme during the separation of
the future bronchi and associated lung buds from the
presumptive esophagus.
In this current study, we investigated the embryological
origin of the neuronal and glial cells within the developing
chick lung buds, using orthotopic quail-chick interspecies
grafting to selectively label sub-populations of NCC. Using
this method, transplanted quail NCC migrate along stereo-
typical pathways in the chick embryo (Kalcheim and Le
Douarin, 1999), and their spatiotemporal migration can be
followed using an anti-quail cell antibody (Burns and Le
Douarin, 2001). Here, we show that the neurons and glial
cells that form ganglia within the developing chick lung buds:
(i) are derived from the rhombencephalic (vagal) region of the
neural crest; (ii) express the transcription factor Sox10, and
receptor components of the Ret and endothelin receptor-B
signaling pathways; and (iii) therefore share the same
developmental origin as the majority of the neurons and glial
cells that comprise the ENS within the gastrointestinal tract.Methods
Microsurgery and interspecies tissue grafting
Fertile chick and quail eggs, obtained from commercial
sources, were incubated at 388C and staged according to the
developmental tables of Hamburger and Hamilton (1951),
or according to the number of pairs of somites formed. For
neural crest ablation studies, the neural tube, and associated
neural crest, was microsurgically removed from chick
embryos at the 9–11 somite stage (ss). For interspecies
tissue grafting, the ablated chick vagal neural tube, situated
between somites 1 and 7, was replaced with equivalent
tissue obtained from quail embryos at the same stage of
development as previously described (Burns and Le
Douarin, 1998; Burns et al., 2000). Operated embryos were
returned to the incubator, and allowed to develop for a total
of 2–18 days, with embryonic day (E)18 being the latest
stage examined.
Histochemistry and immunohistochemistry
Intact embryos, or dissected lung buds were fixed for 1–5
h in 4% paraformaldehyde in phosphate buffer at 48C, then
rinsed three times in phosphate-buffered saline (PBS), and
processed for either wax embedding or for obtaining frozen
sections.
For wax embedding, tissues were dehydrated through an
ascending series of alcohol (1  5 min), then cleared in
Histoclear (2  5 min) and placed overnight in molten wax
at 568C. After embedding, sections were cut at 7 Am, then
the wax was removed in Histoclear (2  5 min), and the
tissues rehydrated through a descending series of alcohol
(1  5 min) and returned to PBS.
Table 1
Primary antibodies
Antigen Species Dilution Source
QCPN Mouse IgG1 Culture
supernatant
Developmental Studies
Hybridoma Banka
p75NTR Rabbit 1:250 Promega, Madison, WI, USA
PGP9.5 Rabbit 1:1000 Affiniti Research Products,
Exeter, UK
ANNA-1 Human 1:1000 Gift from Vanda Lennon,
Mayo Clinic, USA
GFAP Rabbit 1:100 Dako, Denmark
RET Rabbit 1:50 IBL, Japan
GFRa1 Mouse IgG1 1:3000 BD Transduction Labs, CA,
USA
a Monoclonal antibody developed by Bruce and Jean Carlson, University
of Iowa, USA.
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overnight in a 20% sucrose/PBS solution, then placed in a
solution containing 20% sucrose/5% gelatin in PBS at 378C
for 1 h. Tissues were then put into blocks, oriented
appropriately and rapidly frozen in isopentane, pre-cooled
in liquid nitrogen to 608C. Frozen sections were cut at 15
Am, collected on Superfrost Plus microscope slides (BDH
Laboratories), air dried, and stored at 208C. Prior to
labeling, sections were placed in PBS warmed to 378C (15
min) in order to remove the sucrose/gelatine, then rinsed in
PBS (2  5 min).
For enzyme histochemical staining of nitric oxide
synthase-containing neurons, frozen sections were incu-
bated in h-NADPH-diaphorase (1 mg/ml; Sigma), nitro
blue tetrazolium (0.5 mg/ml; Sigma) and Triton-X-100 in
PBS, for 20 min in the dark at 378C. Stained slides were
then rinsed in PBS and mounted in aqueous mounting
media.
For immunohistochemistry, rehydrated wax, or frozen
sections were placed in 5% goat serum/PBS for 1 h at
room temperature (RT), then incubated overnight at 48C in
quail cell-specific antibody (QCPN), or other primary
antibodies shown in Table 1. Following washing in PBS
(3  5 min), sections were incubated in secondary
antibody (Southern Biotech, goat anti-mouse IgG1-HRP)
diluted 1–100 in PBS, for 2 h at RT. Following further
washes in PBS (3  5 min), sections were incubated in
diaminobenzidine (DAB) (Sigma) until satisfactory stain-
ing developed (5–20 min). Sections were then counter-Table 2
Secondary antibodies
Antibody Coupled to Dilution
Goat anti mouse IgG1 HRP 1:200
Goat anti mouse IgG1 Biotin 1:200
Goat anti-rabbit IgG Biotin 1:200
Goat anti-human IgG Biotin 1:200
Streptavidin AP 1:200
Streptavidin HRP 1:200stained with toluidene blue (2 min), dehydrated through an
ascending alcohol series (1  5 min), passed through
Histoclear (2  5 min), and mounted in DPX. Alter-
natively, for double labeling following QCPN application,
sections were placed in one of the antibodies shown in
Table 1, overnight at 48C, then rinsed extensively in PBS
(3  5 min), and placed in the appropriate secondary
antibody (Table 2) for 2 h at RT. For visualization of the
second antibody in these double-labeling experiments, the
Vector Blue Substrate Kit III was used, according to the
manufacturer’s instructions, and as outlined in (Burns and
Le Douarin, 1998). Labeled sections were photographed
with a Leica DC500 digital color camera, and figures
compiled using Adobe Photoshop software.
Probe labeling
For c-ret, antisense digoxigenin-labeled probes were
synthesized from the linearized template with BamHI
using T3 RNA polymerase (Pachnis et al., 1993). GDNF
antisense digoxigenin-labeled probes were synthesized
from the linearized template with ApaI using SP6 RNA
polymerase (Homma et al., 2000). GFRa1 antisense
digoxigenin-labeled probes were synthesized from the
linearized template with SacI using T3 RNA polymerase
(Homma et al., 2000). Antisense chicken Sox10 digox-
igenin-labeled probes were synthesized from the linearized
template with EcoRV using T3 RNA polymerase (Cheng
et al., 2000). Antisense quail endothelin receptor B
digoxigenin-labeled probes were synthesized from the
linearized template with XhoI using T7 RNA polymerase
(Nataf et al., 1996).
In situ hybridization
In situ hybridization was performed on paraffin
sections of chick embryos fixed in 30% formaldehyde,
60% ethanol, 10% acetic acid, as described (Etchevers et
al., 2001), with minor modifications. Briefly, the probes
were applied to sections which had been dewaxed and
re-hydrated. Slides were hybridized overnight at 658C in
50% formamide, 10% dextran sulfate, 1  salt solution
(pH 7.5), 1 mg/ml yeast tRNA and 1  Denhardt’s, with
each probe diluted to approximately 1 ng/Al. Slides were
subsequently washed twice in 50% formamide, 2  SSCVisualized Source
DAB Southern Biotechnology Associates, USA
ABC/DAB Southern Biotechnology Associates, USA
ABC/DAB Southern Biotechnology Associates, USA
ABC/DAB Southern Biotechnology Associates, USA
ABC Southern Biotechnology Associates, USA
DAB Southern Biotechnology Associates, USA
A.J. Burns, J.-M. Delalande / Developmental Biology 277 (2005) 63–7966at 658C and then in MABT (0.1 maleic acid, 150 mM
NaCl, 0.1% Tween-20, pH 7.5). Non-specific antibody
binding was blocked by incubation in MABT with 20%
goat serum, 2% blocking reagent (Roche) for 60 min.
AP-conjugated anti-digoxigenin antibody (Roche) was
diluted in this solution to 1/2000 and applied to the
sections. Slides were then rinsed in MABT 5 times
before equilibration in NTMT (100 mM NaCl, 50 mM
MgCl2, 100 mM Tris (pH 9.5), 0.1% Tween-20). The
visualization step was performed for 2 to 16 h at 378C
in NTMT, 5% polyvinyl alcohol containing 33.8 Ag/ml
nitro blue tetrazolium chloride (NBT) and 175 Ag/ml 5-
Bromo-4-Chloro-3-indolyl phosphate, toluidinium salt
(BCIP).Results
Development of lung buds from foregut evagination
Serial transversal sections through the chick foregut at
Hamburger and Hamilton (HH) stage 16 (Fig. 1), analyzed
in a rostral-to-caudal direction, revealed an initial bilateral
swelling in the walls of the foregut (Figs. 1C, D),
corresponding to the presumptive lung buds territories. AtFig. 1. Development of lung buds from outgrowth of the foregut. Transverse histo
20. At HH16, small outgrowths of the medio-lateral edges of the foregut were first
epithelium, the laryngeotracheal groove (F, LG arrow), extended ventrally from the
(panel H, arrow), towards the primitive lung buds, which were distinct on either sid
narrowing of the foregut separated the foregut into dorsal, presumptive esophag
endoderm of the presumptive tracheal region bifurcated (panel M, arrow) to give
HH20, further separation of the foregut into future esophagus and trachea by the lar
into two main bronchi (panel T, arrow), and the lung buds and epithelia were appa
BR, bronchi. Scale bars A–J, K–V = 250 Am.HH17, the beginning of the separation of the foregut into
two tubes, the esophagus and trachea, commenced with the
outgrowth of the laryngotracheal groove, that extended
ventrally from the foregut floor (Fig. 1F). At this stage, the
primitive lung bud outgrowths became distinct from the
foregut (Fig. 1I). At HH19, progressing caudally along the
foregut, ventral to the lumen of the presumptive esophagus,
a bifurcation of the foregut endoderm became apparent
(Figs. 1L, M). This bifurcation resulted in the development
of the two main bronchi, which extended into the lung bud
primordia (Figs. 1M–O). At HH20, a narrowing in the
middle of the laryngotracheal groove further separated the
foregut lumen into esophageal and tracheal regions (Figs.
1Q–S), while the lung buds were distinct from the foregut
(Fig. 1V).
Vagal neural crest cells colonize the foregut and lung bud
primordia
Quail-chick interspecies grafts were performed at
HH10 (E1.5) in chick embryos. A total of 20 chimeric
embryos were used in this study and analyzed at various
stages of development ranging from E2.5 to E18, the
latest stage examined. Following grafting of the vagal
neural crest in the region adjacent to somites 1–10, atlogical sections were made through chick embryos at HH stages 16, 17, 19,
apparent (C, D, arrows). At HH17, in the rostral foregut, a narrowing of the
floor of the pharynx. More caudally, the lung endoderm extended outwards
e of the foregut (panel I). At HH19, rostral to the developing lung buds, the
us and ventral, tracheal regions (panels K, L arrows). More caudally, the
rise to primitive bronchi, which extended into the lung buds (panel N). At
yngeotracheal groove occurred (panels Q–S, arrows). The trachea bifurcated
rent (panels U, V). FG, foregut; LB, lung bud: ES, esophagus; TR, trachea;
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trally away from the neural tube, and had accumulated in
the caudal branchial arches, in the lateral areas surround-
ing the developing foregut (Figs. 2A, B). At this early
stage of foregut development, prior to the separation of
the trachea from the esophagus, occasional immuno-
positive cells were observed in the foregut visceral
mesoderm (Fig. 2B). At HH20 (E3–3.5), numerous
NCC were located adjacent to the developing foregut,
caudal to the pharyngeal region, and occasional cells were
present within the foregut mesenchyme (Fig. 2C). When
the foregut became divided into presumptive esophageal
and tracheal territories and primitive lung buds were
apparent, the majority of NCC were distributed in the
dorsal aspect of the early separating foregut (Fig. 2D). As
the lung bud primordia became distinct and separate from
the foregut (Figs. 2E–H), only occasional NCC were
apparent within the lung bud mesoderm, while the
majority of immunopositive cells were scattered in the
dorsal aspect of the gut tube and within streams of cells
located in the ventral gut wall (Figs. 2G, H). During the
next 24–36 h of development, to HH25 (E4.5–5), the lung
buds became more distinct from the foregut, and an
increased number of positively labeled NCC were
observed within the lung bud mesenchyme (Fig. 2I). By
E7, the foregut is separated into distinct esophageal and
tracheal regions and NCC were found within the wall of
the branchial arch arteries, and surrounding the develop-
ing muscle layers of the esophagus (Figs. 3A, B). In the
region comprising the bifurcating bronchi, in addition to
surrounding the esophagus, external to the circular muscle
layer, NCC were distributed around the outer aspects of
the bronchial tubes, within the vagus nerves and their
branches, and on either side of the two bronchi (Figs. 3B,
D). In the lung buds, NCC were present within the lung
bud mesenchyme, where they often appeared in lines of
closely apposed cells that comprised primitive ganglia
(Figs. 3C, E, F).
In order to confirm that the NCC observed in the lung
buds originated from the grafted vagal NC transplanted
from quail embryos, double immunohistochemical labeling
was performed using an antibody against the neurotrophin
receptor p75NTR as a marker for NCC, in combination with
the anti-quail cell antibody QCPN. p75NTR staining revealed
ganglia that were often situated towards the periphery of the
lung buds, interconnected by fine p75NTR-positive nerve
fibers with other ganglia, located either in similar, outer
regions, or deeper within the lung buds adjacent to the
developing epithelial tubules (Figs. 4A–E). When double
labeling with p75NTR and QCPN was performed, all of the
p75NTR-positive ganglia were found to contain QCPN-
positive NCC (Figs. 4C–F). Further, QCPN immunopositive
cells were often found in association with nerve trunks that
interconnected ganglia, or with finer nerve fibers that passed
out of the plane of section. These findings confirm that the
NCC that form interconnected ganglia in the developinglung buds are derived from the grafted vagal neural crest
cells.
NCC within the developing lung buds express the
transcription factor Sox10 and receptor components
of the RET and EDNRB signaling pathways
In situ hybridization on wax sections of lung buds
revealed that the transcription factor, Sox10, was highly
expressed in the NCC that colonized the foregut at E5 (Fig.
5A). At this stage of development, few NCC were present in
the lung buds (see Fig. 2I), and Sox10 was expressed in a
small population of cells within the dorsal aspect of the
lungs (Fig. 5A). At E7, Sox10-expressing NCC were
organized into the presumptive myenteric plexus within
the foregut, and were also present within small groups, or
closely connected streams of cells within the lung buds (Fig.
5B). At E9, Sox10 expressing cells were distributed
throughout the lung buds, and were present in ganglia, both
in the foregut and lungs (Fig. 5C). High magnification of
lung bud ganglia (Fig. 5C, inset), revealed that Sox10 was
not expressed within presumptive neurons (based on cell
size and location), but was present in cells located at the
periphery of ganglia, that is, cells likely to be glia. Ednrb
receptor showed a similar expression pattern to Sox10 at all
stages examined (Figs. 5D–F). At E5 and E7, Ednrb was
expressed within the NCC of the foregut, and in the dorsal
aspect of the lung buds (Figs. 5D, E). At E9, Ednrb showed
a similar expression pattern to Sox10, and was present in the
foregut ENS, the vagus nerve and its branches, and within
lung bud ganglia (Fig. 5F). Like Sox10, Ednrb appeared to
be expressed in cells mainly located at the periphery of lung
ganglia, and staining was not observed in all presumptive
neurons (Fig. 5F, inset). In comparison to Sox10 and Ednrb,
Ret expression was much lower at E5. At this stage, only
occasional Ret-positive cells were observed within the
foregut (Fig. 5G), and Ret expression was rarely found in
cells within the lung buds. At E7, small numbers of Ret-
expressing cells were present within the foregut, and also
within the lungs (Fig. 5H). At E9, Ret was strongly
expressed within enteric (Fig. 5I) and lung bud ganglia
(Fig. 5I). High magnification of lung bud ganglia revealed
strong Ret expression in presumptive neurons (Fig. 5I,
inset). The co-receptor for RET, GFRa1, displayed a
complementary expression pattern to that of Ret at the
earlier stages of development. At E5, Gfra1 was weakly
expressed within the gut mesenchyme, and a stronger region
of expression was evident within the dorsal aspect of the
lung buds (Fig. 5J). At E9, Gfra1 expression was elevated
within the foregut mesenchyme, and expression was also
evident within the dorsal aspect of the lung buds, both in the
mesenchyme and in presumptive ganglia (Fig. 5K). At E9,
Gfra1 expression was not observed within the lung buds,
but was present in the foregut smooth muscle surrounding
Gfra1-negative enteric ganglia (Fig. 5L). Gdnf expression
was extremely weak in the lung buds at all stages examined
(Figs. 5M, O). However, Gdnf expression was observed
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regions populated by NCC, and very weakly in the foregut
at E9 (Fig. 5O), thus confirming that the probe was specific
to Gdnf mRNA.We used anti-RET and anti-GFRa1 antibodies to
determine when the ganglion cells within the developing
lung buds express RET and GFRa1 protein. RET-positive
cells were observed within the esophageal region of the
Fig. 3. Rostrocaudal colonization of the lung buds by transplanted vagal NCC at E7, labeled with QCPN antibody. (A) Vagal NCC (brown staining) were
associated with the esophagus (ES), the walls of the branchial arch arteries (BA), and the carotid body (CB). (B) NCC encircled the esophagus and were
apparent within the vagus nerves (V), located lateral to the esophagus (ES) and bronchi (BR). (C, D) NCC encircled the esophagus (ES), external to the circular
muscle, and were apparent within the vagus nerves and their branches (arrows). NCC occurred in close association with the bronchi (BR), and were present
within the lung bud (LB) mesenchyme (arrowheads). (E, F) Within the lung buds, numerous NCC were apparent and frequently appeared in associated groups
(arrowheads). Scale bar A, C, E = 200 Am; B, D, F = 100 Am.
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muscle layer in the region corresponding to the myenteric
plexus (Fig. 6A). Within the lung buds at this stage of
development, weak RET immunostaining was observed
within small groups of presumptive ganglion cells (Fig.
6B). The intensity of RET staining became stronger within
lung bud ganglia throughout development, up to andFig. 2. Appearance of transplanted vagal NCC within the foregut and lung buds f
HH16, the transplanted neural tube (NT) consisted of labeled quail cells (brown sta
accumulated in the caudal branchial arches (arrows), on either side of the dorsal
caudally, labeled NCC migrated around the dorsal aorta (DA) and were present in t
NCC accumulated around the periphery of the rostral foregut, and occasional labe
narrowing of the foregut, the laryngotracheal groove (LG, arrow), extended ventral
(E, F) Bifurcation of the trachea gave rise to two bronchi (BR) which extended into
of NCC were located within the esophagus and foregut territory, although occasio
were most numerous in the foregut mesenchyme, where they appeared in inter
apparent within the lung buds (arrowheads). (I) At HH25, the developing lung bu
evenly distributed within the gut mesenchyme, while in the lung buds, small groups
Scale bar = 100 Am.including E18, the latest stage examined (Figs. 6C, D).
Positive staining was observed within the cytoplasm of
ganglion cells that contained large, unstained nuclei, that
is, cells likely to be neurons, based on size, anatomical
location, and morphology (Fig. 6D inset).
GFRa1 immunostaining was also observed within the
presumptive myenteric ganglion cells of the esophagus atrom HH16–HH25, labeled with QCPN antibody. (A) In chimeric chicks at
ining). Vagal NCC migrated dorso-ventrally, away from the neural tube, and
aorta (DA). Occasional cells migrated towards the foregut (FG). (B) More
he foregut (FG) mesenchyme (arrowheads). (C) At HH20, large numbers of
led cells were observed in the foregut mesenchyme (arrowheads). (C, D) A
ly to separate the foregut into future esophageal (E) and tracheal regions (T).
the developing lung buds (LB), ventral to the esophagus (ES). The majority
nal crest cells were located within the lung buds (arrowheads). (G, H) NCC
connected streams (arrows), whereas only occasional, isolated NCC were
ds were distinct from the foregut. At this stage, the majority of NCC were
of NCC (arrowheads) were present in the regions close to the adjoining gut.
Fig. 4. p75NTR-labeling of NCC within the lung at E14. (A, B) p75-positive NCC formed small ganglia (arrows) that were interconnected by fine nerve trunks
(arrowheads). Ganglia were either situated towards the periphery of the lung buds, or deep within the pulmonary lobes between the pulmonary epithelial
tubules (ET). (C–E) Double labeling with QCPN (brown) demonstrated that all areas of p75 staining (blue), including ganglia (arrows) and nerve fibers
(arrowheads), contained graft-derived quail NCC. p75-positive ganglia were often interconnected by positively stained fine nerve fibers (arrowheads) which
had associated NCC (E, arrowheads). (F—high magnification of area in E) Each p75-positive ganglion contained many QCPN-positive cell bodies
(arrowheads). Scale bars A–E = 200 Am; F = 100 Am.
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levels of GFRa1 staining were observed in the mesen-
chyme, and within presumptive primitive ganglion cells
(Fig. 6F). The intensity of immunostaining appeared to
reach a peak within lung bud ganglia at E10, when
ganglia and interconnecting fibers were strongly labeled
(Fig. 6G). After E10, the intensity of GFRa1 labeling
declined and was weaker within ganglia and interconnect-
ing fibers at E14 (Fig. 6H), and absent at E18 (not
shown).
Differentiation of neuronal and glial cell phenotypes within
developing lung buds
The phenotypes of vagal neural crest-derived cells
within the lung buds were analyzed for the presence of
neuronal and glial markers, over a period of time ranging
from E5 to E18 (Fig. 7). Neurons were labeled with the
pan-neuronal markers ANNA-1 {anti-HU (Altermatt et al.,1991)} and with anti-protein gene product 9.5 (PGP9.5),
while glial cells were identified using anti-glial fibrillary
acidic protein (GFAP) antibody. At E5 (Figs. 7A–C),
ANNA-1 immunoreactivity was present in cells within the
foregut, located external to the developing muscle layer,
corresponding to the myenteric plexus of the ENS. Very
occasional cells were also ANNA-1 positive within the
lung buds. At the same stage of development, weak
PGP9.5 immunostaining was found in occasional cells of
the ENS within the foregut, and in the lung buds. GFAP
did not label cells within the foregut or the lung buds at
this stage of development (Fig. 7C). At E7 (Figs. 7D–F),
ANNA-1 and PGP9.5 labeling was detected within
ganglia located in the lung buds. Immunopositive cells
were grouped within small ganglia that were dispersed
throughout the lung mesenchyme. At this stage of
development, GFAP-positive glial cells were not observed
in the developing lungs, although fine tracts displayed
GFAP immunoreactivity (Fig. 7F). ANNA-1 labeling was
Fig. 5. In situ hybridization of Sox10, Ednrb, Ret, Gfra1 and Gdnf in chick lung buds during early to mid development. Sox10. At E5 (A), Sox10 was
expressed in NCC scattered within the foregut mesenchyme. Occasional labeled cells (arrowheads) were present within the dorsal aspect of the lung buds. At
E7 (B) positive cells encircled the gut at the level of the presumptive myenteric plexus. In the lung buds, Sox10 was present in cells located within the dorsal
and ventral lung tissue (arrowheads). At E9 (C) labeled cells were present within the enteric ganglia of the foregut, and within ganglia distributed throughout
the lung buds (arrowheads). High magnification of selected ganglia (C, arrowhead + asterisk) revealed that presumptive neurons were Sox10 negative (C, inset,
arrows), whereas smaller cells (likely to be glia) were Sox10 positive. Ednrb. At E5 and E7 (D, E) numerous labeled cells were present in the gut mesenchyme
and occasional positive cells (arrowheads) were located within the dorsal aspect of the lung buds. At E9 (F), Ednrb-positive cells were located within the ENS
of the foregut (arrow), within the vagus nerve (V), and within lung ganglia (arrowheads). High magnification (F, inset), revealed Ednrb expression in the
peripheral cells of lung ganglia, and occasional presumptive neurons were unstained (small arrows). Ret. At E5 (G) few Ret-expressing cells (arrows) were
present within the gut mesenchyme. The boxed area is enlarged in the inset and shows an individual Ret-expressing cell. Virtually no labeled cells were
observed within the lung buds. At E7 (H) occasional positive cells (arrows) were present within the gut, and within the dorsal and ventral aspect of the lung
buds (arrowheads). At E9 (I) Ret expression was high in enteric ganglia within the gut (arrow) and within the lung buds (arrowheads). High magnification of
highlighted ganglia (I, arrowhead + asterisk) showed strong Ret expression localized within presumptive neurons (I, inset, arrows). Gfra1. At E5 (J), Gfra1 was
expressed in the dorsal aspect of the lung buds (arrowheads), and weakly within the gut mesenchyme. At E7 (K), expression was stronger in the gut
mesenchyme in the region corresponding to the presumptive circular muscle layers (arrows), and was more restricted within the dorsal aspect of the lung buds
(arrowheads), where groups of cells (i.e., presumptive ganglia) were Gfra1-positive (Fig. 7K asterisks and arrowheads). At E9 (L) Gfra1 expression was not
observed within the lung buds, but was found to surround presumptive myenteric ganglia within the gut (arrow). Gdnf. At E5 (M) Gdnf expression was not
detected in the foregut or in the lung buds. At E7 (N) weak signal was observed in the stomach (arrowheads), but not in the lung buds (not shown). At E9, (O),
Gdnf was very weakly expressed in the foregut (arrowheads), but was not detected in the lungs. Scale bars E5, E7 and E9 = 200 Am; insets = 25 Am.
A.J. Burns, J.-M. Delalande / Developmental Biology 277 (2005) 63–79 71
Fig. 6. RET and GFRa1 immunostaining of NCC. (A) At E7, the esophagus contained RET-positive cells (arrows) external to the circular muscle layer (CM),
at the level of the presumptive myenteric plexus. (B) In the lung bud mesenchyme at E7, occasional immunopositive cells were present in small groups
(arrows). (C) At E14, RET-positive ganglia (arrow) and nerve fibers (arrowhead) were present. (D) At E18, strongly immunolabeled ganglia (arrow) were
observed, often located at the periphery of the lung. (D inset) In RET-positive ganglia, presumptive neurons contained strongly labeled cytoplasm and weakly
stained nuclei (asterisks). (E) At E7, GFRa1 immunolabeling was found in the enteric ganglion cells (arrows) of the esophagus, external to the circular muscle
(CM) layer. (F) In the lung buds at E7, weakly labeled small groups of cells (arrows) were observed. The lung mesenchyme was also weakly immunopositive.
(G) At E10, strongly immunopositive ganglia (arrows) and interconnecting nerve fibers (arrowheads) were observed (arrows); (ET), epithelial tubule. (H) At
E14, weak immunostaining was present in ganglia (arrow) and nerve fibers (arrowheads) that were often located at the periphery of the lung. Scale bar A, E =
200 Am; B–D, F–H = 100 Am, D inset = 20 Am.
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neuronal cell bodies and projections that extended from
the ganglia, similar to GFAP. Double labeling of chimeric
tissues, using QCPN in conjunction with the neuronal and
glial markers (Figs. 7G–O), revealed that ganglia,
containing neurons and glial cells, persisted throughout
development, and were often situated adjacent to the
pulmonary epithelial tubules (immature bronchioles).The development of a functional neurotransmitter
within the lung buds was investigated by staining for
the presence of the inhibitory neurotransmitter nitric
oxide (NO) using enzyme histochemistry for NADPH-
diaphorase, which is co-localized in neurons containing
nitric oxide synthase (Ward et al., 1992). At E8,
NADPH-d staining revealed the presence of occasional,
weakly labeled neurons in the foregut, adjacent to the
Fig. 7. Neuronal and glial phenotypes within lung ganglia during early to late embryonic development. At E5 (A–C), ANNA-1-positive cells (A, arrowheads)
were present in the foregut (G). Very occasional ANNA-1 labeled cells (A, arrows) were present in the lung buds (LB). PGP9.5 weakly labeled a few cells
within the gut (B, arrowheads), and the lung buds (B, arrows). GFAP immunoreactivity was not present in the gut or lung buds at this stage of development (C).
At E7 (D–F), ganglia within the lung buds were immunopositive for ANNA-1 (D, arrows) and PGP9.5 (E arrows). ANNA-1 labeled neuronal cell bodies,
whereas PGP9.5 labeled the cell bodies and projections (E, arrowheads). GFAP immunoreactivity was present in nerve fibers (F, arrowheads) and cell bodies
were not labeled. Double labeling with QCPN (brown) and ANNA-1, PGP9.5, GFAP (blue) (G–O). At E10, ANNA-1 staining was present with lung bud
ganglia (G, arrow), and not in nerve fibers. Presumptive glial cells, adjacent to nerve fibers (G, arrowheads) were QCPN-positive. PGP9.5 labeled ganglia
(H, arrow) and nerve fibers (H, arrowheads), as did GFAP (I), a pattern that was repeated at E14 (J–L) and E18 (M–O). ET, epithelial tubules. Scale bars A–F,
G–L, M–O = 100 Am.
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present in the lung buds at this stage of development. At
E10, however, numerous NADPH-d-positive neurons
were observed within lung ganglia (Fig. 8B). These cells
typically contained densely stained cytoplasm, with large,unstained nuclei, as previously described for neurons
within the developing gut of the chicken embryo (Burns
and Le Douarin, 1998). NADPH-d stained neurons were
observed within the lung buds at all subsequent stages of
development examined, up to and including E18, with
Fig. 8. NADPH-diaphorase staining of lung ganglia. (A) At E8, positively labeled neurons were not found in the lung buds, although occasional labeled cells
were present in the esophageal region of the foregut, in the region corresponding to the presumptive myenteric plexus (MY), external to the circular muscle
layer (CM). (B–D) Within the lung buds, positively labeled neurons (arrows) were present within ganglia at E10 and at subsequent stages up to and including
E18, the latest stage examined. Typically, labeled neurons contained densely stained cytoplasm, and large unstained nuclei. M, gut mucosa. Scale bar = 100 Am.
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positively labeled (Figs. 8C–D).Discussion
Here, we demonstrate that intrinsic nerve ganglion cells
within the developing chicken lung are derived from the
hindbrain (vagal) region of the neural crest. Vagal NCC leave
the neural tube at approximately E1.5 of development,
accumulate in the caudal branchial arches, then enter the
foregut at E2. They then migrate in a rostrocaudal direction to
colonize the entire length of the gastrointestinal tract and
differentiate into the neurons and glial cells that comprise the
enteric nervous system (Burns and Le Douarin, 1998, 2001;
Epstein et al., 1994; Le Douarin and Teillet, 1973; Yntema
and Hammond, 1954). This rostrocaudal progression of
vagal NC-derived ENS progenitors along the gut has also
been demonstrated in the mouse (Young et al., 1998) and
human (Fu et al., 2003; Wallace and Burns, 2003). The
findings of this current study demonstrate that a sub-
population of vagal NCC, that expresses the transcription
factor Sox10, and receptor components of the RET and
EDNRB signaling pathways, migrates from the foregut into
the developing lung buds, where they accumulate to form
interconnected ganglia containing neurons and glial cells.
Although previous authors have suggested that NCC con-
tribute to ganglia within the lung (Dey and Hung, 1997), the
precise embryological origin of these cells has not been
determined, mainly due to the paucity of studies in this area,
and the difficulty in selectively marking sub-populations ofNCC in mammals prior to their migration. The quail-chick
grafting technique utilized in this study allows such selective
labeling to be employed, while the progeny of migrating
NCC can be identified, and their phenotypes determined at
their specific destinations, many days later, by using quail
cell-specific antibody labeling and neuronal, glial or other
markers (Le Douarin and Kalcheim, 1999).
Embryological origin of neural tissue in the lung
Neural tissue within the developing lung is a prominent
feature in the mouse (Tollet et al., 2001, 2002), the pig
(Weichselbaum and Sparrow, 1999; Weichselbaum et al.,
1996), the rabbit (Hung, 1980), the rat (Morikawa et al.,
1978), and human (Sparrow et al., 1999). In the mouse,
Tollet et al. (2001) utilized an antibody against the neuro-
trophin receptor, p75NTR as a maker for migrating NCC
within the developing foregut and lung buds. These authors
described p75NTR-positive cells on the future trachea at E11,
and in the vagus nerves, that are prominent on either side of
the foregut, and in nerve processes extending from the
vagus into the lung. By E13, PGP9.5-positive ganglia,
innervated by the vagus nerve, covered the future trachea
and were present at branch points in the primary bronchi. It
was concluded that in addition to the NCC present on the
trachea at E11, crest cells continued to migrate into the
lungs along the vagus nerves for a further 2 days (Sparrow
and Lamb, 2003; Tollet et al., 2001). The migration of
neural precursors along the vagus nerves has previously
been reported following the culture of nerve explants
(Baetge et al., 1990). In these studies, in vitro explants of
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that migrated and formed ganglia at a distance from the
explants (Baetge et al., 1990). It appears that in addition to
migration from the foregut into the lung buds, NCC may
later enter the lungs via migration along the vagus nerves. It
is difficult to distinguish the extent of the contribution to the
lung buds from NCC that originate within the foregut
mesenchyme, and those that may later migrate into the lung
via axons derived from the vagi. However, we observed
NCC within the developing lung bud mesenchyme as early
as HH20 (E3–3.5), and in significant numbers at E4.5–5,
whereas branches of the vagus nerve apposing the future
trachea were not apparent until E6, when the lung buds were
already well colonized by neuronal precursors that had
migrated from the foregut. Therefore, as Tollet et al. (2001)
suggest for the mouse, we find in the chick embryo that
NCC, which we now show to originate from the vagal NCC
population within the foregut, are already present in the
lung. A few days later in development, additional precursors
may migrate into the lungs along axons that project from the
vagus nerves.
Although Tollet et al. (2001) present convincing evi-
dence for the presence of p75NTR-positive NCC within the
lung buds of the developing mouse embryo, paradoxically,
there is a lack of support for these findings from studies of
mice where neural crest derivatives were labeled using a
genetic approach. For example, in transgenic mice employ-
ing Wnt1-Cre, P0-Cre or Ht-PA-Cre together with the Cre/
lox recombination system to drive h-galactosidase expres-
sion in the entire neural crest population (Jiang et al., 2000;
Pietri et al., 2003; Yamauchi et al., 1999), although NCC
were labeled in their well-established locations, such as
spinal dorsal root ganglia, sympathetic nervous system,
enteric nervous system, cardiac outflow tract, ventral
craniofacial mesenchyme and melanocytes, the presence of
NCC within the developing lungs was not documented in
any of these studies. In these investigations, the relatively
small numbers of crest cells within the lung may have been
overlooked, or the appropriate stages not examined. How-
ever, in studies using Phox2b to identify NCC (Pattyn et al.,
1999), pulmonary ganglia have been observed in the mouse
embryo at E13.5 (Jean-Franc¸ois Brunet, personal commu-
nication). Should this organ be more rigorously investi-
gated, then transgenic mice that express markers for NCC
may prove to be invaluable for investigating the develop-
ment of lung innervation in mammals.
Development of neuronal and glia phenotypes within the
embryonic lung
NCC were observed in the lung buds as early as HH20
(E3–3.5), and in more significant numbers at HH25 (E4.5–
5). These cells were initially present in the dorsal aspect of
the lung buds, in the region corresponding to GFRa1
expression. Using the pan-neuronal markers ANNA-1 and
PGP9.5, occasional immunopositive cells were observedwithin the lung buds at E5, although GFAP (a glial terminal
differentiation marker) was not observed until E10. Inter-
connected ganglia were present in the lung buds at E7, and
persisted throughout development up to and including E18,
the latest stage examined. These findings suggest that
neuronal differentiation begins soon after crest cells enter
the lung buds, whereas the differentiation of GFAP-positive
glial cells lags behind that of neurons by up to 5 days, a
finding similar to that observed during development of the
ENS (and the nervous system in general), where the
maturation of glial cells also lags behind that of neurons
(Conner et al., 2003; Rothman et al., 1986; Young et al.,
2003). The fate of NCC-derived cells that initially migrate
within the foregut appears to be controlled by the dynamic
expression of transcription factors and neurogenic genes
during early development. For example, Sox10, a member
of the SRY-like HMG box family of transcription factors, is
expressed in migrating NCC and is required for glial fate
acquisition (Cheng et al., 2000; Paratore et al., 2001). We
observed Sox10 expression in the vast majority of crest cells
within the lung buds early in development. However, by E9,
Sox10 expression appeared to be limited to glial cells within
lung ganglia, and it was not expressed in presumptive
neurons. Sox10 regulates the expression of a number of
different genes including myelin protein zero (P0), a protein
in peripheral myelin in Schwann cells (Peirano et al., 2000),
and ErbB3, which encodes a neuregulin receptor in NCC
(Britsch et al., 2001). Sox10 interacts with Pax3 to activate
RET (Lang and Epstein, 2003; Lang et al., 2000) and is also
required for the induction of the neurogenic transcription
factor Phox2b (Kim et al., 2003), which, like RET, is
essential for ENS development. Ednrb, the G-protein-
coupled transmembrane spanning receptor for the secreted
peptide, endothelin-3, is expressed in the neural folds prior
to NCC migration and expression is maintained in migrating
NCC as they reach their targets, including the ENS (Barlow
et al., 2003; Nataf et al., 1996). The expression of Ednrb is
required at a defined time period during the migration of
ENS precursors into the colon, and mutations in Ednrb
result in a failure of NCC to colonize the hindgut (Barlow et
al., 2003; Ceccherini et al., 1995; Hosoda et al., 1994;
Puffenberger et al., 1994), thus, it is unlikely that Ednrb is
necessary for the colonization of the lung. However, binding
sites for Sox10 have recently been identified on an enhancer
of Ednrb, suggesting that Sox10 may have multiple roles in
regulating Ednrb in the ENS (Zhu et al., 2004), therefore, a
role for Ednrb in lung neurogenesis cannot be ruled out.
Neuronal differentiation, which has previously been
reported in the first wave of NCC to enter the gut (Baetge
and Gershon, 1989; Epstein et al., 1983; Young et al., 1999),
has been associated with a profile of high RET, low p75NTR,
and undetectable Sox10 immunostaining in precursor cells,
along with the expression of pan-neuronal markers (Young
et al., 2003). In our current study, we found crest-derived
cells immunopositive for the pan-neuronal markers ANNA-
1 and PGP9.5 at E5, soon after NCC had migrated into the
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the lung buds at this stage of development, but RET
expression increased at E7, as NCC-derived cells accumu-
lated and formed ANNA-1 and PGP9.5-positive ganglia.
This finding suggests that the cells near the front of
migration in the lung buds do not express RET, but already
possess pan-neuronal markers. This lack of RET expression
at the front of migration has been reported in the vagal
(Schiltz et al., 1999), and sacral NCC (Delalande et al.,
2003) that colonize the chick gut.
Since pan-neuronal markers appear to be present in
NCC during early development, it is not surprising that
neuronal type-specific markers appear later in develop-
ment. For example, using NADPH-diaphorase staining, the
neurotransmitter nitric oxide (NO) was detected within
lung neurons from E10 onwards, at least 5 days after pan-
neuronal markers were first observed. The presence of
NADPH-diaphorase-positive cells in the lung buds sug-
gests a role for NO in lung physiology during the latter
half of chick embryo development. Such staining has also
been reported in the nerve plexuses of the mouse lung
from fetal life onwards (Guembe and Villaro, 1999),
although in this study, staining was reported in a small
portion of the neural population, whereas in our current
study, the majority of neurons within lung ganglia
appeared to be NADPH-d-positive.
The RET signaling pathway and directed migration of NCC
into the lung
The RET proto-oncogene encodes a receptor tyrosine
kinase (RTK), that in conjunction with a family of four GPI-
linked co-receptors (GFRa1-4), binds four distinct ligands
and activates a signaling network essential for neural and
kidney development (Manie et al., 2001). RET and GFRa1
have been shown to be expressed by crest cells that colonize
the gut (Durbec et al., 1996; Pachnis et al., 1993; Schiltz et
al., 1999; Worley et al., 2000), while the ligand, GDNF, is
expressed in the gut mesenchyme (Peters et al., 1998;
Natarajan et al., 2002; Suvanto et al., 1996). Knockout of
the genes encoding RET, GFRa1 or GDNF in mice leads to
a total lack of neurons and glia in the gut, caudal to the
rostral stomach (Cacalano et al., 1998; Moore et al., 1996;
Pichel et al., 1996; Sanchez et al., 1996; Schuchardt et al.,
1994). However, defects in the innervation of the lung, or
the rostral foregut, have not been reported in these mutant
animals, raising the question of whether the RET signaling
pathway is essential for the development of neurons and glia
in these regions. In this current study, in situ hybridization
studies demonstrated that a subpopulation of the vagal
neural crest-derived precursors, that migrate within the
foregut and colonize the developing lung buds, express RET
and GFRa1 receptor components of the RET signaling
pathway (compare Fig. 5A, B with Figs. 5G, H, J, and K). In
agreement with these findings, in a previous investigation
using in situ hybridization, the presence of RET and GFRa1receptors was reported in the developing lung of rat
embryos (Yu et al., 1998). Also, in the developing mouse,
three receptor components of the RET signaling pathway
(RET, GFRa1, GFRa2) were reported in the lung buds at
E10 and E12 (Golden et al., 1999). In this latter study, RET
and GFRa1 were expressed in the bronchioles at E12, and a
dynamic pattern of expression was observed where RET
was no longer detectable by E16, whereas the expression of
GFRa1 persisted to E18. However, in these studies, the
cellular localization of RET and GFRa1 was not determined
and these receptors were not assigned to neurons.
A proposed mechanism for the directed migration of
RET-expressing precursors along the gastrointestinal tract is
the regulated expression of GDNF acting as a chemo-
attractant (Natarajan et al., 2002; Young et al., 2001).
Natarajan et al. (2002) demonstrated that during the
colonization of the mouse foregut, expression of GDNF
was restricted to the mesenchyme of the stomach, ahead of
the invading NCC, whereas later in development, as the ENS
progenitors colonized the midgut, the expression of GDNF
was upregulated in the more posteriorly located caecum
(Natarajan et al., 2002). The potential role of GDNF as a
chemoattractant for the NCC that colonize the lung has been
supported by the recent findings of Tollet et al. (2002). These
authors utilized an in vitro culture model of mouse lung
development whereby lung lobes, isolated at E12, were
cultured for 2 to 5 days. In addition to analyzing the
development of neural tissue and airway smooth muscle in
the cultured lung lobes, the authors demonstrated that
GDNF, when added to the culture media, caused an increase
in the amount of p75NTR- and PGP 9.5-positive tissue
outside the lobes. Further, when GDNF-impregnated beads
were placed in the culture environment, neuronal precursors
and neurites were attracted towards the source of GDNF
(Tollet et al., 2002). If GDNF acts as a chemoattractant for
the NCC that colonize the lung, a theory supported by the
findings of Tollet et al., then one might expect to see an
elevated expression of GDNF in this organ, concomitant
with crest cells entering the lung buds. Alternatively, since
the majority of NCC remain within the foregut mesenchyme
and colonize the gut, rather than deviating into the
developing lung buds (Fig. 2 this study) then higher levels
of GDNF expression might be expected further along the gut
as demonstrated by Natarajan et al. (2002). In the latter case,
GDNF may therefore serve to attract NCC rostrocaudally
along the gut, with only a smaller number of cells entering
the lung buds, where GDNF would be expressed at much
lower levels. In this study, we showed that NCC migrate into
the lung buds early in development before E5. However, at
such stages of development, RETexpression was very low in
NCC, and only a small subpopulation of crest cells had RET
mRNA or protein. Further, we did not detect significant
levels of GDNF expression within the lung buds during early
development, although GDNF was expressed in the stomach
at E7, and weakly in the foregut at E9, a finding similar to
that reported in the stomach and lungs of the developing rat
A.J. Burns, J.-M. Delalande / Developmental Biology 277 (2005) 63–79 77(Trupp et al., 1995). However, during mid to late develop-
ment (E9–E18), using in situ hybridization and antibody
labeling, we found strong RET expression within lung
ganglia. If the spatiotemporal expression of RET is similar
in chick and mouse embryos, then the findings of Tollet et al.
(2002) concerning the effect of GDNF on lung cultures,
described above, are not surprising. Since RET appears to be
expressed by lung ganglion cells later in development, when
the organ has already been colonized by NCC for a number
of days, then when exposed to GDNF in a culture environ-
ment, RET-positive cells would be capable of responding to
the chemoattractant by migrating out of the lungs. However,
this theory for lung colonization by NCC does not
necessarily account for the initial migration of crest cells
from the foregut (when RET expression is very low) into the
lung buds (where GDNF expression was not detected using
our methods). What other factors could be involved in lung
bud colonization by NCC? A candidate molecule is the RET
co-receptor, GFRa1. RET is unable to bind GDNF on its
own, but forms a complex with GFRa1 in order to activate
signaling (Jing et al., 1996; Treanor et al., 1996). Although
both RET and GFRa1 are required for responsiveness to
GDNF, GFRa1 has been shown to be expressed widely in
the absence of RET (Trupp et al., 1998; Yu et al., 1998), thus
suggesting alternative roles for GFRa1 at bectopicQ sites of
expression (Paratcha et al., 2001). A common feature of GPI-
linked molecules, such as GFRa1, is that they can be
expressed as both membrane bound and secreted forms.
Paratcha et al. (2001) showed that GFRa1 is released by
neuronal cells, Schwann cells and injured sciatic nerve, and
that RET stimulation by soluble GFRa1 in transactivates
downstream signaling and induces processes including
neurite outgrowth and neuronal survival (Paratcha et al.,
2001). Further, recent work from the same group suggests
that GFRa1 functions as a long range directional cue by
creating positional information for axons that express RET
and can thus act, together with GDNF, in a non-cell-
autonomous manner as a chemoattractant for peripheral
neurons (Ledda et al., 2002). In our current study, we
identified a dynamic expression of GFRa1 within the lung
buds. At the earlier stages of development, for example, at
E5, Gfra1 was expressed in the dorsal aspect of the lung
mesenchyme, in the region colonized by NCC. At E7, Gfra1
was expressed in the lung mesenchyme and also in lung
ganglia, while at E9, the transcript was not detected in the
lung buds. However, GFRa1 protein was present in lung
ganglia and mesenchyme at E7, and was downregulated in
both tissues by E14. The detection of soluble GFRa1, within
the lung buds from early to mid-development, supports the
possible roles for this molecule in the chemoattraction of
RETexpressing cells, or in the potentiation of RETsignaling,
in a manner similar to that described above (Ledda et al.,
2002). Therefore, it is feasible that the low levels of RET
expression, in conjunction with the actions of GFRa1, are
sufficient to allow the relatively small numbers of NCC-
precursor cells to enter the lung, as opposed to remainingwithin the foregut and giving rise to ENS cells. More
detailed investigations, exploring the possible interactions
between RET and other ligands, such as neurturin and
artemin, that bind less preferentially to GFRa1 (Manie et al.,
2001), and between RETother genes, such as Ednrb (Barlow
et al., 2003), need to be performed in different species and in
mutant Ret/, Gfra1/ and Gdnf/ mice, in order to
determine the precise role of the RET signaling pathway in
the development of the lung innervation.Acknowledgments
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